Fabrication of c-Si solar cells using boric acid as a spin-on dopant for back surface field by Singh, Gajendra et al.
RSC Advances
PAPER
Pu
bl
ish
ed
 o
n 
08
 N
ov
em
be
r 2
01
3.
 D
ow
nl
oa
de
d 
by
 In
di
an
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
N
ew
 D
el
hi
 o
n 
06
/0
5/
20
15
 0
9:
45
:2
8.
 
View Article Online
View Journal  | View IssueaPhysics of Energy Harvesting Division, N
Krishnan Road, Pusa Campus, New Del
nplindia.org
bDepartment of Electrical Engineering,
University Blvd, Kingsville, TX 78363, USA
Cite this: RSC Adv., 2014, 4, 4225
Received 11th October 2013
Accepted 5th November 2013
DOI: 10.1039/c3ra45746j
www.rsc.org/advances
This journal is © The Royal Society of CFabrication of c-Si solar cells using boric acid as a
spin-on dopant for back surface ﬁeld
Gajendra Singh,a Amit Vermab and R. Jeyakumar*a
Cost eﬀective solar cells are paramount for solar power to compete with traditional power generation. Here
we present results on two low cost, both side textured c-Si solar cells. One solar cell had an Al back surface
ﬁeld (BSF), while the other had boron BSF fabricated by using spin-on boric acid as a p-type dopant. As
compared to the Al-BSF solar cell, an improvement in eﬃciency of 1.7% was observed for a solar cell
with boron BSF. Since boron BSF is stronger than Al-BSF, an improvement in eﬃciency can be attributed
to an increase in long wavelength response, collection eﬃciency and reduced back surface
recombination. The boron BSF solar cell showed an eﬃciency of 12.9% with Voc of 0.56 V, Jsc of 32.2
mA cm2 and FF of 0.72. These parameters are expected to signiﬁcantly increase further with the
addition of layers such as anti-reﬂection/passivation layers at the front side, and back surface passivation
with local back surface ﬁeld, etc.1. Introduction
Conventional wafer based Si solar cell technology has
improved over the last several decades in great leaps and
bounds, and plays a dominant role in commercial solar power
generation. Broadly, a conventional c-Si p–n junction solar cell
is fabricated by diﬀusing phosphorous into p-type c-Si to form
the emitter. This is followed by the formation of a back surface
eld (BSF), to act as a reector for minority carriers, through
screen printing of Al paste followed by RTP. However, rear
surface recombination is high when Al-BSF is used.1 On the
other hand, boron back surface elds improve cell properties.
For example, rear side recombination in the Al–Si contact is
high since the concentration of Al in the Al–Si alloy is less than
3  1018 cm3.2 A high (600 cm s1) back surface recombi-
nation velocity (BSRV) and poor back surface reectance of
60% results1 when Al-BSF is used, which are not suitable
properties for high eﬃciency solar cells. These electrical and
optical properties deteriorate further when Si wafer thickness
is reduced. On the other hand, boron solubility in Si (B–Si
alloy) is higher than that of Al and surface concentration of
boron at the rear surface is higher (2  1020 cm3)3 than that
of Al. This results in a low BSRV due to heavy p+ doping at the
rear surface and isolates the p+–p junction from the high
recombination region that exists under the screen printed
rear side contact.1 Also, stress induced bow in thin Si wafer canational Physical Laboratory, Dr. K. S.
hi 110 012, India. E-mail: ramanuj@
Texas A&M University–Kingsville, 700
hemistry 2014be avoided by using B-BSF.1 Therefore, B-BSF is superior to
Al-BSF.1,3
Here we report comparative results on experimental char-
acterization of two low cost c-Si based solar cells that combine
the advantages of diﬀerent technologies. In one type, the BSF
region was formed by e-beam evaporation of Al followed by
rapid thermal processing (RTP). In another type, the BSF region
was formed by spin-coating boron, followed by RTP. Fig. 1
illustrates the cross-sectional view of the fabricated solar cells.
Conceptually the solar cells work as follows. Incident light
generates electron–hole pairs in the p-type c-Si absorber layer.
The electrons travel to the top towards the p–n junction, and are
in turn collected by the metal grid pattern. Holes, on the other
hand, travel across bulk Si and are collected by the Al electrode.
The potential barrier at the p–p+ junction (Fig. 2) provides an
additional mechanism to drive electrons away from reaching
the back contact and towards the p–n junction through a eld
created by a p–p+ junction in the base, thereby increasing the
short-circuit current density (Jsc) and open-circuit voltage (Voc)
due to reduced recombination at the rear surface. Fig. 2 shows
the energy band diagram of p+–p–n+ solar cell corresponding to
the schematic diagram shown in Fig. 1.Fig. 1 Schematic cross-section of c-Si solar cell. High performance
features have not been used.
RSC Adv., 2014, 4, 4225–4229 | 4225
Fig. 2 Energy band diagram of p+–p–n+ type c-Si solar cell. The
potential barrier (p–p+ junction) between the lightly doped and heavily
doped region keeps the minority carriers (in this case, electrons) in the
lightly doped region and away from back contact.
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View Article OnlineIn Section 2 we outline the experimental details of fabrica-
tion process and characterization steps for the two types of cells.
Results and discussions are drawn in Section 3.Fig. 4 Flow chart showing the fabrication process for Al-BSF solar cell.
2. Experimental details
Fig. 3 and 4 shows the process sequences for boron-BSF and Al-
BSF solar cells. We have used as-cut, p-type, 320 mm thick, h100i
oriented, 200 Cz c-Si wafers with resistivity 12–15 U cm. Below we
provide the details of the fabrication process.2.1. Saw damage removal
The fabrication started with saw damage removal of c-Si wafers.
Saw damages were removed using hot alkaline solution con-
taining 20% NaOH dissolved in DI water. Si wafers were kept in
the solution at 80 C for 20 min. The following etching reaction
takes place:4
Si + 2H2O + HO
/ HSiO3
 + 2H2 (a)
The above etching reaction takes place in three steps, viz. (i)
oxidation of Si, (ii) soluble salt formation, and (iii) dissolutionFig. 3 Flow chart showing the process sequence for boron-BSF solar
cell.
4226 | RSC Adv., 2014, 4, 4225–4229of salt in the DI water. Saw damage removal enhances
mechanical strength of the wafer and reduces surface recom-
bination. About 30 mm of the damaged surface (i.e. 15 mm on
each side) was removed during the etching process since saw
damage penetrates about 10 mm deep into the wafer surface.42.2. Texturization
Aer cleaning with DI water and nitrogen dry, the wafers
underwent texturization by anisotropic etching of the front and
back surfaces of the c-Si absorber. A texturized surface has the
eﬀect of causing multiple reections of incident photons, and
consequently increasing probability of light absorption. Due to
texturization, total reection of light from a c-Si wafer has been
reported to reduce from about 35% to 11%,5 with an improve-
ment in optical absorption closer to the p–n junction. Therefore
Jsc is also improved. In our work, sodium hydroxide (NaOH) was
used as an alkaline etchant for texturization on both sides of the
c-Si wafer. Isopropyl alcohol (IPA) was added to the alkaline
etchant to improve the uniformity of the random pyramidFig. 5 SEM image shows textured c-Si surface.
This journal is © The Royal Society of Chemistry 2014
Fig. 6 External quantum eﬃciency of boron-BSF and Al-BSF solar
cells.
Fig. 7 Light I–V characteristics for Al-BSF solar cell and boron-BSF
solar cell.
Table 1 Output parameters for Al-BSF cell and boron-BSF cell
Sample
Voc
(mV)
Jsc
(mA cm2)
FF
(%)
Eﬃciency
(%)
Al-BSF cell 540 30.3 68 11.2
Boron-BSF cell 560 32.2 72 12.9
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View Article Onlinetexture. An anisotropic chemical wet etch forms pyramids in the
order of mm on the c-Si surface. The composition of the solution
is as follows:
390 ml DI + 10 g NaOH + 80 ml IPA
The above solution was heated between 80 C and 85 C and
the wafers were immersed in the solution for various times
between 30 and 45 min. IPA is essential, even though it is
relatively expensive, since it removes hydrogen bubbles sticking
on the Si wafer by improving the wettability of the c-Si surface.
On the other hand, etching rate of c-Si decreases with IPA
concentration.6 IPA is volatile in the heated solution and so, to
maintain the wettability of the Si surface, IPA was added to the
solution during the texturization process to compensate for the
amount lost due to evaporation. Aer texturization, the wafersThis journal is © The Royal Society of Chemistry 2014underwent standard RCA cleaning for emitter diﬀusion. The
scanning electron microscopy (model: LEO 440 PC Based
Digital System SEM) system was used to aid in optimization of
texturization.2.3. Emitter (phosphorous) diﬀusion
Phosphorous diﬀusion was performed for emitter formation. In
this process, phosphorous diﬀuses into Si and forms p–n
junctions with a p-type base. The solid phosphorous source was
a 20 0ceramic wafer that contains phosphorous pentoxide (P2O5).
During 30 min pre-deposition process at 975 C, P2O5 evapo-
rates from the ceramic wafer and condenses as a thin layer onto
the Si wafer. This thin layer provides elemental phosphorous for
diﬀusion into Si and the following reaction takes place:
2P2O5 + 5Si/ 4P + 5SiO2 (b)
In the above equation (b), P + SiO2 known as phosphorous
silicate glass (PSG). The pre-deposition process is known as PSG
layer deposition in which a shallow diﬀusion of phosphorous
atoms occurs. The PSG layer becomes the source of phospho-
rous for diﬀusion. Aer the pre-deposition step, the dopant
source (ceramic wafer) was removed and phosphorous atoms
diﬀused deeper (i.e. redistributed) to a desired depth into Si by a
drive-in diﬀusion step performed at 975 C for 20 min. Drive-in
diﬀusion determines junction depth. Aer drive-in diﬀusion,
the PSG layer was etched away using 10% hydrouoric acid
solution. In this two-step (pre-deposition and drive-in) process,
phosphorous diﬀuses into Si and forms a p–n junction with the
p-type base. Diﬀusion temperature and time are adjusted such
that the surface carrier concentration reaches 1019 cm3.
Excess amounts of phosphorous atoms (>2  1020 cm3)7 in the
Si surface region forms a dead layer (i.e. inactive phosphorous),
which increases carrier recombination since it is diﬃcult to
passivate excessive doped surface. This results in a decrease in
Voc, Jsc and cell eﬃciency. Aer emitter diﬀusion, sheet resis-
tancemeasurements were performed by a four probe technique.2.4. Back surface eld formation
For one wafer, hereaer called cell 1, the wafer was cleaned with
DI water and nitrogen dry. A 6 wt% of boric acid was dissolved
in DI water (18 MU cm). Aer this, 3–5 mL of boric acid was spin
coated at 6000 RPM for 1 min on the back of the cell for BSF
formation. Boric acid (H3BO3) as spin-on dopant has been
reported in ref. 1, 3 and 8.
Boric acid (H3BO3) is a hydrate of boric oxide (B2O3) and
exists in crystalline phase.9 Diﬀusion of boron into Si from boric
acid involves formation of meta boric acid and then dehydra-
tion of boric acid. From boric acid, metaboric acid (HBO2) is
formed rst at approximately 130 C (ref. 9) and then anhydrous
boric oxide (B2O3) forms when heated >250 C. At a temperature
of 350 C, more than 90 wt% HBO2 contains B2O3.10
For solar cell applications, boron diﬀusions are performed
above 900 C (ref. 3 and 8) irrespective of the boron sources.1
Heavily doped p+ layers can be formed using boric acid solution
and can be passivated equivalent to those formed using boronRSC Adv., 2014, 4, 4225–4229 | 4227
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View Article Onlinetribromide and solid sources.1,3 In our work, the boric acid lm
was cured at 130 C to remove moisture from the lm and then
cured at 250 C and 350 C (ref. 8) in a furnace under inert N2
atmosphere. As the curing temperature increases, H3BO3
dehydrates and forms metaboric acid (HBO2) and boron oxide
(B2O3) as mentioned in eqn (c)–(e) (ref. 11) below.
H3BO3/ HBO2 + H2O (c)
2HBO2/ B2O3 + H2O (d)
3H3BO3/ B2O3 + 3H2O (e)
At 900 C, diﬀusion of boron atoms into Si occurs10,12
through equation (f). B2O3 reacts with Si and forms SiO2 and
boron.
2B2O3(l) + 3Si(s)/ 4B(s) + 3SiO2(s) (f)
RTP was performed at 950 C (AnnealSys, AS-One 150) for 2
min. At a high temperature around 900 C, boron diﬀuses into
Si13 and dissolves in liquid Si and distributes uniformly along
the depth of the Si wafer. A borosilicate glass (BSG) layer formed
during BSF formation was removed by 10% HF solution.
For another cell, hereaer referred to as cell 2, a 2% HF dip
and DI water clean was performed right before Al deposition,
and to form BSF, 2 mm thick Al was e-beam evaporated on the
back surface followed by 2 min RTP annealing at 900 C in N2
atmosphere. Therefore cell 1 was a boron-BSF cell, while cell 2
was an Al-BSF cell.2.5. Contact metallization and cell isolation
For cell 1 and 2, a short 2% HF dip was given to remove native
oxides on the rear surface. This was followed by rear contact
blanket Al metallization (1.5 mm) by e-beam evaporation (Hind
High Vacuum, model 15F6). Aer another HF dip, a Ti (40
nm)/Ag (1.5 mm) top nger grid pattern was formed through a
shadow mask. Contact annealing was done by RTP at 700 C
for 2 min in N2 atmosphere. Edge isolation was performed by
laser cutting around the grid pattern formed at the centre of
the wafer. The nal cell 1 and cell 2 total areas were 2  2 cm2
each.3. Results and discussion
Random pyramid texturization for both surfaces was optimized
at 85 C for 30 min using 2% NaOH and 8–10% isopropyl
alcohol in DI water. Diﬀerent conditions led to either non-
uniform texturization (such as in our case when the c-Si wafers
were kept in the 2% NaOH + 8–10% IPA solution at 80 C for 30
min, texturization did not cover the entire wafer surface), or
formation of sharp tops. The latter accounts for insuﬃcient
coverage and contact by each layer leading to poor cell perfor-
mance.14 Smoothing of sharp tops improves conformal lm
deposition and enhances Voc and minority carrier lifetime.15
Texturization in 2% NaOH + 8–10% IPA at 85 C for 30 minutes
were found to be the optimum conditions for uniform4228 | RSC Adv., 2014, 4, 4225–4229texturization. Fig. 5 shows a high resolution SEM picture of the
optimized texturized c-Si wafer used for the fabrication of solar
cells.
Emitter sheet resistance and rear side sheet resistance for
the Al-BSF cell and boron-BSF cell were determined by a four
point probe method. For the Al-BSF cell, emitter sheet resis-
tance and rear side Al–Si alloy sheet resistance were found to be
52 U per square and 65 U per square, respectively. For the
boron-BSF cell, emitter sheet resistance was the same as the
previous case since the processing conditions were the same.
For a spin-on boric acid concentration between 1 and 6 wt%, a
boron–Si alloy sheet resistance between 47 and 44 U per square
was obtained and was almost independent of boric acid
concentration. Lee et al.3 has reported that boron solubility in Si
is higher than that of Al and hence boron concentration in the
B–Si alloy is higher than Al concentration in the Al–Si alloy.
Therefore, rear side surface recombination is reduced for
boron-BSF due to the heavy doping.
Solar cell performance parameters were measured at 25 C
by AM 1.5 solar simulator (Bunkoukeiki Co. Ltd, model no.
CEP-25HS-50). Fig. 6 shows the external quantum eﬃciency
(EQE) of boron-BSF and Al-BSF cells. As compared to the Al-
BSF cell, high EQE has been obtained for the boron-BSF cell.
An improved spectral response and hence EQE particularly in
the long wavelength region might be due to low surface
recombination velocity at the rear side. Our results are in
agreement with those reported earlier,1 in which back surface
recombination velocity and back surface reectance has been
reported, respectively, as 210 cm s1 (600 cm s1) and 93%
(60%) for the boron-BSF cell (Al-BSF cell). According to Lee
et al.,3 for the Al-BSF cell, high back surface recombination
velocity at the Al–Si contact is due to low Al concentration in
the Ai–Si alloy, which is <3  1018 cm3. The I–V characteris-
tics of the solar cells are shown in Fig. 7. Table 1 lists the
output parameters for both cells. As can be seen, compared to
the Al-BSF cell, an improvement in eﬃciency of 1.7% was
obtained for the boron-BSF cell.
4. Conclusions
We have presented experimental characterization comparative
results on two low-cost Si solar cells. Both cells were approxi-
mately identical, with the signicant diﬀerence being the BSF
region. In one cell, the BSF was formed through Al, deposited by
e-beam evaporation followed by RTP, while in the second cell,
the BSF was formed by spin coating boric acid and then per-
forming RTP. Both solar cells are cost-eﬀective since the
photolithography process and high performance features such
as anti-reection coating/passivation layer, rear side passiv-
ation, local BSF etc. have not been used. The boron-BSF cell
shows a higher eﬃciency of 12.9%, compared to the 11.2%
shown by the Al-BSF solar cell. For both solar cells, the
measured eﬃciencies represent the lower bound eﬃciency. As
is normally the case with traditional Si solar cells, these eﬃ-
ciencies are expected to signicantly increase further with the
addition of eﬃciency improving (i.e. high performance)
features.This journal is © The Royal Society of Chemistry 2014
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